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Abstract
In 2013, the U.S. Geological Survey, in cooperation with the Keweenaw Bay Indian Community, began monitoring the water quality of springs and seeps within the Yellow Dog and Salmon Trout watersheds in Marquette County, Michigan. The objectives of this study were to (1) monitor streamflow and analyze the hydrology of the watersheds and (2) characterize the water quality in the watersheds prior to development of mineral resources within the watershed. Three continuous-record streamgages (U.S. Geological Survey stations 04043238, 04043244, and 04043275) were examined to identify runoff and baseflow components of streamflow and the relative magnitudes of those components. Streamflow at each station was dominated by groundwater discharge with about 70 to 80 percent of the annual streamflow being groundwater-derived baseflow.
From May 2013 to October 2016, 239 water-quality samples were collected at 15 stations within the Yellow Dog and Salmon Trout watersheds. Of the 15 stations sampled, 8 of the stations were springs and 7 of the stations were streams. Samples were analyzed for nutrient, trace metal, and majorion species at all stations with additional suspended-sediment samples collected at the 7 stream stations. Where applicable, water-quality results were compared to aquatic health guidelines used by the Michigan Department of Environmental Quality. Copper concentrations exceeded the final chronic value five times and the aquatic maximum value once, whereas silver concentrations exceeded the final chronic value twice and the aquatic maximum value once. Results indicate that chloride concentrations may be increasing at some stations, but values are generally low with a median concentration of 0.25 milligram per liter.
Bed-sediment chemistry was evaluated twice for each stream sampling station. Samples were collected in the first and last year of the study and analyzed for trace metals. Sediment chemistry results were compared to consensus-based sediment quality guidelines. None of the metal constituents analyzed exceeded the threshold effect concentration or probable effect concentration thresholds, indicating a healthy aquatic environment in relation to bed-sediment quality.
Introduction
The Yellow Dog Plains, which is an area in a remote part of northwestern Marquette County in the Upper Peninsula of Michigan ( fig. 1) , is a flat, glacial outwash plain composed primarily of sand. The outwash plain serves as an aquifer that supplies numerous seeps and springs that are the headwaters of several streams. Land cover surrounding the Yellow Dog Plains is primarily forest that does not have much human activity other than timber harvesting. In 2010, development began on an underground mine facility for a sulfide deposit bearing nickel, copper, and trace amounts of other minerals. Production quantity mineral extraction at the mine began in September 2014 (Eagle Mine, 2017) . The study area within the Yellow Dog and Salmon Trout watersheds ( fig. 1 ) consist of the eastern section of the Yellow Dog Plains where mining activities are taking place.
The Yellow Dog River ( fig. 1 ) originates from a section of the Ottawa National Forest ( fig. 1 ), where the river is designated a Federal Scenic and Wild River (U.S. Department of Agriculture, 2007) . The river flows along the southern edge of the Yellow Dog Plains with portions of this watershed in the area that may be affected by mining activities. The Yellow Dog River discharges into Lake Independence near Big Bay on Lake Superior, which discharges into Lake Superior ( fig. 1) .
Headwaters of the Salmon Trout River ( fig. 1 ) are in the Yellow Dog Plains, primarily downgradient of mining operations (Eagle Mine, 2014) . The Salmon Trout River and its numerous tributaries flow north through the Huron Mountains, which are heavily forested, then discharges to Lake Superior at Salmon Trout Bay ( fig. 1 ). The Salmon Trout River is an important ecological habitat for this region, and the reach of the stream near the mouth is home to the last known breeding population of coaster brook trout on Lake Superior's south shore (Newman and DuBois, 1996) . The health of Yellow Dog and Salmon Trout watersheds is critical to sustaining the natural habitat of this region. As a result, understanding the current state of the water quality in these watersheds is important to protect this habitat, which supports the coaster brook trout. Developing a baseline understanding of current waterquality and sediment conditions will enable resource managers a means to assess and address potential harmful changes that may be related to future land use changes and development.
Purpose and Scope
The purpose of this report is to (1) describe the collection of hydrologic and water-quality data for a portion of the Yellow Dog and Salmon Trout watersheds in Michigan's Upper Peninsula and (2) evaluate the hydrologic and water-quality data of those watersheds. The period of study was from May 2013 to November 2016. Continuous streamflow, water temperature, and specific conductance data were collected at three stations in the study area ( fig. 1 ). Discrete water-quality data were collected 16 times during the study period at 7 stream stations and 8 springs, or seeps, within the two watersheds.
Previous Studies and Data Collections Efforts
The Yellow Dog and Salmon Trout watersheds have been studied during the past decade for the purposes of assessing baseline water quality. The Yellow Dog Plains have been actively logged for decades but had stayed remote, with limited accessibility until mineral exploration began in earnest in the mid-2000s. To understand the predevelopment hydrology of the watersheds, the U.S. Geological Survey (USGS) installed a continuous-record streamgage and water-quality sonde at one location on the Yellow Dog River, Salmon Trout River, and East Branch Salmon Trout River in December 2004 , December 2004 , and November 2005 respectively. An assessment of hydrologic information of the Yellow Dog and Salmon Trout watersheds was provided in Mayer and others (2004) , although the hydrologic information prior to the construction of the USGS gaging stations is sparse. The Michigan Department of Environmental Quality collected water-quality samples from the Yellow Dog and Salmon Trout Rivers and the adjacent Cedar and Big Pup Rivers in December 2003 (Premo and others, 2005) , although that dataset is also sparse.
The The Yellow Dog Watershed Preserve began collecting physical water-quality parameters and various chemical constituent concentrations from streams and springs as early as 2004 (Emily Whittaker, Yellow Dog Watershed Preserve, oral commun., 2016) . In 2012, the Superior Watershed Partnership set up a Community Environmental Monitoring Program, in cooperation with the Marquette County Community Foundation and Eagle Mine, to monitor the environment around the Eagle Mine, Humboldt Mill, and associated transportation routes (Superior Watershed Partnership, 2007) . As part of the Community Environmental Monitoring Program, groundwater and surface-water quality were monitored by analyzing samples for various chemical constituents, with a focus on metals. Most locations monitored were on Eagle Mine property, but some monitoring locations adjacent to the mine property were also included (Superior Watershed Partnership, 2007) .
Description of the Study Area
The Yellow Dog and Salmon Trout watersheds drain 69.6 and 49.4 square miles (mi 2 ), respectively. For this study, only the area upstream from Lake Independence is included for the Yellow Dog watershed ( fig. 1 ). The watersheds are primarily in the northwest portion of Marquette County, Michigan ( fig. 1 ) except for a small portion of the Yellow Dog watershed in northeastern Baraga County, Michigan ( fig. 1 ). Land-surface elevation ranges from about 601 feet (ft) where the Salmon Trout River discharges into Lake Superior to 1,905 ft in the southwest portion of the Yellow Dog watershed. Numerous springs and seeps that form the headwaters of most of the branches of the Salmon Trout River are first expressed on the north slope of the Yellow Dog Plains ( fig. 1 ). The exception is the Main Branch Salmon Trout River, which extends upstream and south of the Triple A Road and has its headwaters on the Yellow Dog Plains within 1 mile of, and at about the same elevation as, the Yellow Dog River ( fig. 1 ).
These springs and seeps discharge water derived from the sand-dominated glacial outwash deposits that form the Yellow Dog Plains and are at elevations that range from 1,250 to 1,340 ft. The National Land Cover Dataset of 2011 (Homer and others, 2015) indicated that land cover in both watersheds is primarily undeveloped forest and wetlands (92 percent) with lesser amounts of grassland, open water, and developed land. Jack pine, which constitutes most of the trees on the Yellow Dog Plains, seems to have been the dominant species since deglaciation (Brubaker, 1975) even though other similar areas nearby in Marquette County have developed white pine and maple forests as well.
Climate
Temperature, precipitation, and snowfall data were measured by a National Oceanic and Atmospheric Administration (NOAA) cooperative climate observer 1-mile northwest of Big Bay (NOAA station 200770). All climatic data for 2013-16 were accessed at the National Climate Data Center by Justin Titus (National Oceanic and Atmospheric Administration, written commun., 2018). A NOAA cooperative weather station also is at Eagle Mine; however, data at this station are incomplete (National Oceanic and Atmospheric Administration, 2018). Therefore, for purposes of this study, only the Big Bay dataset has been referenced.
The climate of the Yellow Dog and Salmon Trout River watersheds is typical of the northern Great Lakes Basin. The climate can vary greatly between seasons, with cooler temperatures and greater precipitation occurring inland and especially in higher-elevation areas of the watershed, whereas areas closer to Lake Superior have more moderate temperatures and, typically, less precipitation. Annual precipitation measured as rain and rain-equivalent snowfall at the NOAA cooperative station at Big Bay in 2013-16 was 41.0, 39.7, 28.6, and 39.1 inches, respectively ( 
Geologic Setting
The land-surface features in northern Marquette County are affected by the underlying Archean and Precambrian bedrock features. Unconsolidated glacial deposits, which overlie the bedrock in most locations, range in thickness from 0 to more than 200 ft. Topography of the study area, other than the Yellow Dog Plains, is rugged, especially when compared to nearly all the rest of Michigan. Elevation of the land surface within the study area ranges from about 600 ft at the mouth of the Salmon Trout River to 1,520 ft in the Huron Mountains, which constitute the northern part of the Salmon Trout watershed. The upper Yellow Dog watershed has land-surface elevations of more than 1,900 ft just southwest of the Yellow Dog Plains.
Glacial Sediments
Overlying bedrock in most places throughout the Yellow Dog and Salmon Trout watersheds is unconsolidated glacial deposits of varying thickness (Farrand and Bell, 1982) . The thickness of glacial deposits in most of the study area is less than 50 ft, except for the Yellow Dog Plains, the area immediately surrounding Big Bay, and three other small outliers near Lake Superior (Twenter, 1981) . The sediments of the Yellow Dog Plains range from 50 ft to greater than 200 ft (Twenter, 1981) . Glacial deposits are dominated by materials ranging from coarse-grained sands and outwash to fine-grained tills ( fig. 2 ). Except for areas where bedrock crops out at the land surface, landforms including outwash plains, moraines, and till plains created by Pleistocene glacial advance and retreat (melting) are the predominant geomorphologic features of the present-day Upper Peninsula of Michigan (Farrand and Bell, 1982) .
The glacial history of the study area is complex. Based on numerous studies, multiple episodes of Wisconsinan-age glaciation, beginning around 75,000 years ago (Illinois State Geological Survey, 2009) , are known to have occurred in the study area. Earlier glacial advances also covered the study area, but glacially derived sediments, which compose most of the present-day unconsolidated deposits overlying bedrock in the study area, are primarily attributed to late Wisconsinan readvances. As the ice advanced from the present-day Lake Superior Basin, it formed into lobes that flowed primarily south and west-the Michigamme lobe covered the study area. The Yellow Dog Plains highland is a sand-dominated outwash plain that was formed during a glacial stillstand, or stagnation, that marked the southernmost, and final, intrusion of the Marquette readvance into the study area about 9,900-10,000 years ago.
The glaciers deposited coarse-grained material in the Yellow Dog Plains that allows for rapid infiltration and interaction between streams and groundwater, whereas the fine-grained material acts as a barrier to groundwater flow resulting in springs and seeps such as the ones that are prevalent on the north slope of the Yellow Dog Plains at an elevation ranging from 1,250 to 1,340 ft. These springs and seeps are the headwater area of most of the branches of the Salmon Trout River. Groundwater discharge from unconsolidated glacial deposits sustains streamflow in the Yellow Dog and Salmon Trout Rivers during dry periods of the year.
Bedrock
The bedrock geology of the Yellow Dog and Salmon Trout River watersheds in northern Marquette County is complex. The age of the Precambrian rock underlying and cropping out in the Upper Peninsula spans about 3 billion years; ages range from some of the oldest known rocks on the North American continent (3.5-2.8 billion years) to some of the youngest in the Lake Superior Basin (the Jacobsville Sandstone of the Keweenawan Supergroup, hereafter referred to as the Jacobsville Sandstone, has been dated variously between 1.1 billion and 540 million years) (Cannon and Simmons, 1973; Van Schmus and Woolsey, 1975; Sims and Peterman, 1983) . The area currently (2018) occupied by Lake Superior was rifted apart about 1.1 billion years ago resulting in lava flows as thick as 12,000 meters (39,400 feet) in the basin. Many geologists believe the bedrock north of the Marquette trough consists of separate microcontinents that coalesced and sutured with another continental piece south of the Marquette trough (Cambray, 1978; Hoffman, 1988) . The Marquette trough, which contains the economic iron ore deposits of the Marquette Iron Range, is interpreted as the suture zone. Rocks north and south of the Marquette trough are inclined steeply toward the center, where the basins are that contain the iron, and are very different from each other.
Upper parts of the Yellow Dog and Salmon Trout watersheds are underlain by the Michigamme Slate of the Baraga Group of the Marquette Range Supergroup (hereafter referred to as the Michigamme Slate). The Yellow Dog River runs roughly parallel to the formation contact between the Michigamme Slate and older Archean granitic and gneissic rocks (Reed and Daniels, 1987) (fig. 2 ) whereas branches of the Salmon Trout River run almost perpendicular to the contact between the Michigamme Slate and the Jacobsville Sandstone (Reed and Daniels, 1987) . After crossing the Michigamme Slate, the Yellow Dog and Salmon Trout Rivers are underlain by older Archean granites and gneisses and then by younger Jacobsville Sandstone in the last few miles before both rivers flow north into Lake Superior ( fig. 2 ). Unlike the Yellow Dog Plains, unconsolidated sediments are typically not very thick throughout the Salmon Trout River watershed. Nevertheless, bedrock outcrops are present in only a few locations within the study area including the rock bluff that is used as the surface entrance to the Eagle Mine. Intruding into the Michigamme Slate are peridotite dikes that include the sulfide deposits being targeted at Eagle Mine and elsewhere in the Upper Peninsula. Mineralization of the dikes probably took place as the dikes intruded through the overlying Michigamme Slate. Except in the Jacobsville Sandstone near Lake Superior, bedrock is likely to contain substantial amounts of water only where it is fractured.
Hydrology
The hydrology of the Yellow Dog and Salmon Trout watersheds in this study was investigated by measuring streamflow at the seven water-quality sampling stations ( fig. 1 ) and one continuous streamgaging station. At the five discrete stream stations, streamflow was measured during each sampling trip. Streamflow measurements were made on occasion at two of the three continuous stream stations. The three continuous stream stations began operation in December 2005. In April 2017, the Yellow Dog River USGS station 04043275 was deactivated. Annual-mean streamflow and mean-annual runoff are currently (2018) available for each of the three stations. Should loading calculations be required in the future, each water-quality sample has an associated streamflow, obtained either through a measurement or from the stagedischarge relation at the streamgage stations.
Analysis of data from the three continuous-record streamgages indicates differences in the three watersheds. Drainage area, period of record low streamflow, period of record high streamflow, annual-mean streamflow, and meanannual water yield are summarized in table 2. The watersheds receive similar precipitation, but the streams respond differently. The observed heterogeneity is likely the result of the location of the streams within the study area and geologic setting. Normally, Yellow Dog River, despite its much larger drainage area, has a lower baseflow than either the Main Branch or East Branch Salmon Trout Rivers. Compared to the Yellow Dog River, the East Branch Salmon Trout River period of record low streamflow is nearly three times higher, the period of record peak streamflow is similar, and the annual mean streamflow per mile of drainage basin is nearly twice as high (table 2) . The mean-annual runoff of the Main Branch Salmon Trout River is nearly the same as the Yellow Dog River, and the mean-annual runoff for both rivers is only about one-half of the East Branch Salmon Trout River.
Hydrograph separation, the process of deconstructing a streamflow hydrograph into baseflow and runoff components, for USGS stations 04043238, 04043244, and 04043275 was completed using the Groundwater Toolbox software (Barlow and others, 2014) . Baseflow estimates obtained using the PART, HYSEP and BFI methods (Barlow and others, 2014) were averaged to compute a mean-annual baseflow estimate for each station. These estimates were calculated from 2005 to 2015 except for USGS station 04043244, which was from 2006 to 2015. Although volume of streamflow varies among the streams, all volumes are similar in that annual baseflow to the streams is typically 70 to 80 percent of the total flow in the stream ( fig. 3A ). Baseflow contributions of this magnitude reflect the importance of groundwater discharge to the hydrologic system because discharge is the principle component of baseflow to these streams.
For 2005-15, monthly precipitation and evapotranspiration estimates were downloaded for the Yellow Dog and Salmon Trout watersheds from the USGS Geo Data Portal (https://cida.usgs.gov/gdp/). The watershed boundaries used to represent the Yellow Dog and Salmon Trout watersheds were derived from the National Hydrography Dataset Plus Version 2 catchment data (McKay and others, 2012). The watershed boundaries were then used to extract the precipitation and evapotranspiration estimates from the USGS Geo Data Portal. Estimates of precipitation and evapotranspiration were developed based on data or information from the PRISM Climate Group (2018) and Senay and others (2013) , respectively. Plotting monthly precipitation and monthly evapotranspiration shows the relation between the two major inputs and outputs of water to the watersheds ( fig. 3B ). During 2005-15, peak evapotranspirative losses occur during the summer, which is typically when precipitation is lower. Much of the precipitation in the study area occurs in the fall and winter so water is likely going into groundwater storage before being released from storage during the summer.
Yellow Dog River
The water-quality sampling station on the Yellow Dog River was at the continuous-record streamgage (USGS station 04043275, fig. 1 ) locally known as Bob Lake Road ( fig. 1 map) . A timber bridge on the road at this location was destroyed prior to the establishment of the USGS streamgage in December 2004. After the bridge was destroyed, vehicles, including all-terrain vehicles, crossed the stream at a shallow gravel bar about 50 ft downstream. The drainage basin at this station constitutes an area of 31.8 mi 2 . This station is in a channel reach that is high gradient, and is composed primarily of sand, gravel, cobbles, and broken rock. The streamgage along with a water-quality sonde that measures water temperature and specific conductance were installed near the former bridge abutment on the left bank and were made operational in December 2004, running continuously until the station was discontinued in April 2017. Conditions for measuring streamflow at this station are generally good, although during high-flow conditions the use of an acoustic Doppler current profiler (ADCP) and pulley system installed several years ago may be required. Unfortunately, depth-integrated, isokinetic, water-quality samples (U.S. Geological Survey, National Field Manual, Chapter A4, section 3) can only be collected at the station when the water is a wadable depth (U.S. Geological Survey, variously dated). An upstream bridge (USGS station 04043270) is available although it is at least 2.5 river miles above the streamgage; the next bridge downstream is at least 5 river miles. During this study, annual runoff exceeded the mean-annual runoff for the period of record (12.9 inches) every year, ranging from 14.3 inches in 2014 to 17.9 inches in 2015. At USGS station 04043270, peak streamflow for the period of record, which was on May 1, 2013, is at least 611 ft 3 /s. Unfortunately, the streamgage was damaged during that high-flow event, and the peak was extrapolated from a crest-stage gage mark that was exceeded. The lowest streamflow for the period of record is 3.5 ft 3 /s, which occurred on August 28, 2007.
Salmon Trout River
An upstream sampling station on the Main Branch Salmon Trout River (USGS station 04043237) was established at the Triple A Road crossing southwest of Eagle Mine ( fig. 1) . Water-quality samples were typically collected upstream from the corrugated steel culvert at this location. The channel through this reach is composed of silt, sand, gravel, and cobbles, with some broken rock, particularly within the last 15 ft upstream from the culvert, where the rock was brought in as rip-rap. The channel is low gradient near the culvert, except for a rock riffle created by the rip-rap, and the banks are lined with tag alders. The elevation of the stream drops about 350 ft between this location and the continuous-record streamgage at USGS station 04043238 as the stream flows north off the Yellow Dog Plains. Conditions for measuring streamflow and collecting discrete water-quality samples at this station are good for all flow conditions. A second sampling station on the Main Branch Salmon Trout River was established at the location of the continuousrecord streamgage (USGS station 04043238) just downstream from the Northwestern Road bridge ( fig. 1 ). The drainage basin at this station constitutes an area of 6.74 mi 2 . The channel through the reach at this station is composed of silt, sand, gravel, and cobbles, with some rock. Immediately upstream from the bridge, the channel is lower gradient compared to immediately downstream, where a series of small riffles are present in the first few hundred feet. The streamgage and a water-quality sonde measuring water temperature and specific conductance were installed at this station and were made operational October 28, 2004 . Currently (2018 , the streamgage and water-quality sonde are still in operation.
Collecting accurate continuous specific conductance data at this station has been problematic. Shortly after gage construction, the downstream control, a very old and large beaver dam, was mostly removed. Removal of the dam led to very shallow and somewhat turbulent gage pool conditions. Fouling conditions of the conductance probe, which was purposely lowered because of the lowered gage pool elevation, became commonplace. In addition, new beaver dam construction, sometimes overnight, has exacerbated sediment fouling of the sonde. Upon removal of the beaver dams, required to maintain integrity of the Northwestern Road bridge, sediment is remobilized and can collect near the sonde. A small tributary that enters the main channel on the upstream right side of the bridge initially caused some heterogeneity in specific conductance readings at the gage. Channel geometry changes at the bridge and removal of the downstream beaver dam seem to have largely eliminated the heterogeneity. Reference gage, crest-stage gage, and sonde deployment at the station were rehabilitated in fall 2017, and the conductance probe seems to have worked satisfactorily since. Conditions for measuring streamflow and collecting discrete water-quality samples at this station are good for all flow conditions. During this study, runoff exceeded the mean-annual runoff for the period of record (12.0 inches) every year, ranging from 12. 
Tributary to Salmon Trout River
A sampling station on a tributary to Main Branch Salmon Trout River (USGS station 040432383) was established just off the Northwestern Road. (fig. 1) . The stream was typically sampled upstream from the corrugated steel culvert at this location. The channel through this reach is composed of silt, sand, gravel, and cobbles, with exposed red clay banks just upstream from the sampling location. The channel has a moderate gradient near the culvert and is lined with mostly deciduous trees and ferns upstream. The elevation of the stream at this location is several hundred feet lower than at its source spring, although the gradient is low between the sampling station and its confluence with the Salmon Trout River about 1,500 ft north. Conditions for measuring streamflow and collecting discrete water-quality samples at this station are good for all flow conditions.
Tributary to East Branch Salmon Trout River
The furthest upstream sampling station on a tributary to the East Branch Salmon Trout River (USGS station 040432425) was established just off the Northwestern Road about 9,000 ft west of the fork off the Triple A Road (fig. 1) . The stream was typically sampled just upstream from the bridge at this location. In 2004, and for several years after, a large impoundment of water was behind a beaver dam just upstream from this road crossing. After dam removal, the area has undergone a major transformation and currently (2018) is heavily vegetated with grasses and some trees in the low gradient area upstream from the road crossing that was formerly flooded. The channel through this reach is composed primarily of silt and sand upstream from the bridge, with more gravel, cobbles, and rocks downstream, where gradient increases rapidly and several riffles are within 100 ft of the bridge. The elevation of the stream has lowered at least 350 ft between its source along the base of the Yellow Dog Plains and this location, although the gradient is low between the sampling station and its confluence with the furthest east branch of the East Branch Salmon Trout River about 2,500 ft downstream. The confluence is a series of cross-connecting channels. Conditions for measuring streamflow and collecting discrete water-quality samples at this station are good for all flow conditions.
A sampling station on a second tributary to the East Branch Salmon Trout River (USGS station 04043243) was established just off the Northwestern Road about 8,000 ft northwest of USGS station 040432425 ( fig. 1) . The stream was typically sampled upstream from the bridge at this location. The channel through this reach is composed primarily of silt and sand upstream and downstream from the bridge, with sparse gravel, cobbles, and rocks present. The elevation at this station is at least 240 ft lower than at its source along the base of the Yellow Dog Plains, although the gradient is low between the sampling station and the confluence about 2,500 ft downstream, with the furthest east branch of the East Branch Salmon Trout River. The main branch of the stream at the confluence is a series of cross-connecting channels, although this tributary is a single channel leading up to the confluence. Conditions for measuring streamflow and collecting discrete water-quality samples at this station are good for all flow conditions. A sampling station on the furthest downstream tributary to East Branch Salmon Trout River was at the road crossing on the Northwestern Road (USGS station 040432437, fig. 1 ). The stream was typically sampled upstream from the bridge at this location. The channel through this reach is composed of silt, sand, gravel, and cobbles, with broken rock serving as rip-rap at the bridge. The channel immediately upstream from the sampling location is primarily sand and its moderately graded banks are lined with deciduous, cedar, and mixed pine trees. Several riffles are immediately downstream from the bridge, but the gradient lessens and becomes much more grown in with tag alders. The elevation of the stream at this point is several hundred feet lower than at its source along the base of the Yellow Dog Plains, although the elevation only lowers about another 50 ft between the sampling station and the confluence with the East Branch Salmon Trout River about 6,000 ft northeast. Conditions for measuring streamflow and collecting discrete water-quality samples at this station are good for all flow conditions.
East Branch Salmon Trout River
A continuous-record streamgage is on the East Branch Salmon Trout River (USGS station 04043244) ( fig. 1) . The drainage basin at this station constitutes an area of 10.2 mi 2 . This streamgage is in a channel throughout the reach that is low gradient immediately upstream, with several riffles downstream, and is composed primarily of silt, sand, and gravel. White pines and other large trees are prevalent in the riparian zone and tag alders line the streambanks. The streamgage was made operational October 1, 2005. A water-quality sonde that measures water temperature and specific conductance was installed at this station on December 6, 2005. The streamgage and sonde have run continuously through this study. Conditions for measuring higher streamflows is difficult, or impossible, at the station because of issues with accessing the station during high-flow events. A logging/snowmobile trail bridge constructed in 2014 is about 1,000 ft downstream from the streamgage (Chauncey Moran, Yellow Dog Watershed Preserve, oral commun., 2018). During this study, runoff exceeded the mean-annual runoff for the period of record (25.6 inches) every year, ranging from 25.8 inches in 2014 to 28.6 inches in 2015. Peak streamflow for the period of record at the station, which was on May 11, 2006, is 464 ft 3 /s. The peak streamflow should be used with some caution as it was interpolated from the stage-discharge rating curve extended above the highest measurement made at the station, which was 121 ft 3 /s. Lowest streamflow for the period of record was 9.5 ft 3 /s and occurred on September 11, 2011, and March 28, 2015.
Methods of Data Collection and Analysis
Streamflow and water-quality data were collected following USGS protocols. Streamflow measurements were collected using methods described in Rantz and others (1982) and Turnipseed and Sauer (2010) . Water-quality and bed-sediment samples were collected following guidelines described in the USGS National Field Manual (U.S. Geological Survey, variously dated). Water and sediment samples were analyzed for chemical concentrations at the USGS National Water Quality Laboratory (NWQL) in Denver, Colorado, which follows a quality-control plan outlined in Maloney (2005) . An exception was the analysis of total suspended solids concentrations, which were analyzed at the Indiana Kentucky Water Science Center Sediment Laboratory, which follows a quality-control plan for sample analysis outlined in Shreve and Downs (2005) .
Flow Measurement
During this study, streamflow either was measured concurrent with water-quality sampling at the stream stations using a current meter (acoustic Doppler velocimeter [ADV] or ADCP) or a mechanical meter (Price pygmy or AA), or streamflow was calculated using a stage-discharge rating. Streamflow has been monitored on a real-time basis at the USGS stations Yellow Dog River near Big Bay, Michigan (04043275) 
Water-Quality Sample Collection
Samples were collected during open-water periods only for this study; thus, sampling was not attempted until streams were free of ice and locations were accessible following snow melt. Open-water periods typically meant that sampling would not start until May and would end in early November. Therefore, early winter snowfalls meant that considerable snow may have fallen before the completion of late fall sampling. From 2013 to 2016, fours samples were collected each year at each station with the exception of USGS station 464459087504201, which was sampled only three times in 2014. This station was buried by snow in November 2014 and was not accessible again until May 2015.
Stream Sampling
Prior to sampling, field water-quality parameters of temperature, dissolved oxygen, pH, and specific conductance were measured, in-stream, using a calibrated multiparameter water-quality sonde. Water samples were then collected using the DH-81 sampler with a 1-liter polypropylene bottle. Samples were collected following either the multiple-vertical or equal-width-increment sampling approach, contingent on if stream velocity allowed for isokinetic sampling (U.S. Geological Survey, variously dated). All samples were composited in a polypropylene churn and either decanted directly into sample bottles for analysis or filtered through a 0.45-micron capsule filter into bottles for analysis. If required, samples were preserved with acid, stored on ice, and shipped either to the USGS NWQL or the Indiana Kentucky Water Science Center Sediment Laboratory for analysis.
Spring Sampling
The small springs sampled in the headwaters of the Salmon Trout watershed required adaptation of a point sampling device. Generally, the springs sampled were less than 1 ft wide and 2 to 3 inches deep. A peristaltic pump with CFlex tubing was used to convey the spring water to a sample chamber to restrict sample contact with the atmosphere. An inline 0.45-micron capsule filter was attached to the sample line for collection of the filtered constituents and then was removed for the collection of the whole water constituents (fig. 4) . A set of narrow polyvinyl chloride (PVC) pipes was used to secure the peristaltic sample line in the direction of flow from the springs. The larger PVC pipe was 1-inch diameter, the inner PVC pipe was 3/4-inch diameter. The end of the 1-inch diameter pipe was cut on an angle to create a sharpened point to facilitate placement of the pipe into the bed of the spring. At about 5-to 6-inch intervals, 1/2-inch holes were drilled into the side of the outer PVC pipe; only one, 1/2-inch hole was drilled into the inner PVC pipe (fig. 4) . Sample tubing was threaded through the aligned holes on the outer and inner PVC pipes and then the inner PVC pipe was lifted to hold the sample tubing in place, taking care not to restrict the flow of water through the sampling tube. The pipe was then pushed into the bed of the spring and adjusted so that the sampling tube was aligned in the direction of flow of the spring and positioned so the tube was totally submerged but not in contact with the bed of the spring. Field parameters were allowed to equilibrate prior to sampling, and any bed material that may have been disturbed by the placement of the device allowed to settle out. After this brief period, the sampling commenced following the standard protocols outlined in the USGS National Field Manual (U.S. Geological Survey, variously dated). If required, samples were preserved with acid, then stored on ice, and shipped to the USGS NWQL for analysis.
Bed-Sediment Collection
Bed sediments were sampled at all seven surface-water stations in conjunction with water-quality sampling in September 2013 and October 2016. Bed-sediment samples were collected and processed using methods described in the U.S. Geological Survey, National Field Manual, Chapter A8 (U.S. Geological Survey, variously dated) (available online at https://water.usgs.gov/owq/FieldManual/Chapter8/index.html). The samples were analyzed for 13 metals and moisture content at the USGS NWQL.
Bed-sediment samples were composites of samples collected by hand with a polypropylene scoop from each of 5-10 depositional zones (submerged during low streamflow so that all samples were saturated) along a reach of approximately 30 ft. The water-quality sampling location was coincident within the sampled reach. Samples were collected from the upper 1-inch layer (most recent, oxidized layer), and the amount collected depended upon the size of the depositional zone. Deposits of fine-grained sediments were targeted for sampling; thus, concentrations represent conditions in depositional areas in streams, not the average concentration of sediments throughout the stream reach. The samples were wet sieved in the field, and the fine (less than 0.08 inch) fraction 
Water-Quality Analysis and Results
Water-quality samples were analyzed for a suite of constituents that includes major ions, nutrients, and trace metals. Bed-sediment samples were analyzed for trace-metal constituents. A list of the measured constituents and their respective reporting levels are provided in table 3. Reporting levels for some constituents varied during the study, so a reporting level is provided as a range for the period of study in table 3. This range of reporting levels does not include temporary instances where reporting levels may have been raised, such as for a diluted sample. A detailed description of the types of reporting levels used and how they are developed by the NWQL are in Childress and others (1999) and Williams and others (2015) . In general, the reporting level represents a concentration determined below which a value cannot be reliably reported as a numerical value. When analysis of a sample determined a constituent concentration to be less than the reporting level, then the constituent concentration value was considered censored.
Quality-Assurance Samples
For the purposes of quality assurance, replicate and blank samples were collected for the water-quality samples. In addition, replicate samples were also collected for bedsediment samples. Split replicate water samples were collected for stream samples, and a sequential replicate was collected at spring stations. Split replicates are samples collected by dividing one sample into two subsamples and analyzing those subsamples for the same constituents. Sequential replicates are samples collected consecutively, one after the other, and analyzed for identical constituents. Both types of replicates are useful in determining the variability in constituent concentrations because of field and laboratory processes (U.S. Geological Survey, variously dated). Sequential replicates also incorporate naturally occurring heterogeneity in the water sampled because the samples are not collected concurrently. The number of replicate samples collected ranged from 9 to 43 and was dependent on the constituent (table 4) . To compare samples, the relative percent difference between the environmental sample and replicate sample value was calculated (table 4) . If a constituent concentration was censored, then a value of one-half of the censored value was substituted for the censored value for the purposes of comparison.
Upon comparison, a low relative percent difference in concentration between the environmental and associated replicate sample was observed for most of constituents (table 4) . Median values of relative percent differences are low, indicating good precision in analysis and generally low natural variability in the stream or spring sampling location. Constituents with high median relative percent differences, such as cobalt concentration, indicate lower precision and higher variability because of processing. In the case of cobalt, the high-capacity filters used for sample processing were determined to be a potential source of contamination for cobalt in the samples collected for this study (U.S. Geological Survey, 2016); therefore, some of the variability in the cobalt concentrations potentially is a result of contamination from the filter. Consequently, cobalt results were given either a remark code of "V", indicating concentrations potentially affected by contamination, or a remark code of "<", indicating concentrations below the reporting level. The maximum relative percent difference can be quite high for some of these constituents (table 4) ; however, many of these values are for constituents with typically very low concentrations (antimony, copper, and lead). As a result, any deviation between the environmental and replicate sample will manifest in a large relative percent difference. Split replicate samples were collected for the bed-sediment samples analyzed for metals. A total of 4 replicates were collected in conjunction with the 14 bed-sediment samples. The results of the comparison of the replicates to the environmental samples are listed in table 5. The variability associated with these samples is much higher than with the associated water samples, which implies that the sediment is likely a more heterogeneous medium. However, the total number of replicates analyzed is low compared to the number of replicate water samples analyzed.
A total of 28 field blank samples were collected during the study. Field blanks were used to assess potential contamination of samples with relation to specific constituents that may have been introduced from the sample collection and processing for this study. A summary of the field blank results is listed in table 6. In general, the results indicate few issues with contamination because of sampling procedures. However, multiple occurrences of low-level concentrations of ammonia and cobalt were detected in field blank samples. Issues with cobalt being detected in blanks are related to contamination associated with the manufacturing of the capsule filters used for sampling (U.S. Geological Survey, 2016). Ammonia was also measured in 7 of 28 samples, but at concentrations close to the reporting level of 0.01 milligram per liter (mg/L). Previous studies have determined that ammonia samples are susceptible to contamination from airborne sources, as well as from shipping and some laboratory procedures (Fishman, 1993; Mueller and Titus, 2005; Medalie and Martin, 2017) . The presence of low levels of ammonia in the blanks indicates that ammonia concentrations in environmental samples have more uncertainty associated with those results.
Water Sample Analysis
A total of 239 water-quality samples were collected at 15 stations, 7 streams and 8 springs, during the study period from May 2013 to October 2016. Samples were typically collected from May to November during the study; however, one sample from a spring (USGS station 464459087504201) was not collected in November 2014 because the station was buried under snow and inaccessible. Water-quality results for those samples collected during this study are stored in the USGS NWIS database and can be accessed at https://goo.gl/KwKkD8. Where applicable, collected constituent concentrations are compared to aquatic-health guidelines for surface water in Michigan. State of Michigan aquatic-health criteria for surface waters are described in Rule 57 (Michigan Department of Environmental Quality, 2018). Two criteria used in the report for comparison are the final chronic value (FCV) and aquatic maximum value (AMV). The FCV is defined as the concentration that does not allow injurious or debilitating effects in an aquatic organism resulting from repeated long-term exposure to a substance relative to the organism's lifespan (Michigan Department of Environmental Quality, 2006). The AMV is defined as the highest concentration of a material in the ambient water column to which an aquatic community can be exposed briefly without resulting in unacceptable effects (Michigan Department of Environmental Quality, 2006) . For most metals, these aquatic health criteria are based on the hardness of the water being sampled. The exception is mercury, which had a set FCV of 0.77 microgram per liter (µg/L) and an AMV of 1.4 µg/L. Because many constituents were detected in low concentrations at or near the reporting level, the boxplots in figures 5-7 have a dashed line indicating that below that concentration, the results are censored.
Nutrients
Nutrients are required for vegetative growth and are an indicator of the biological productivity of a water body. Elevated values of nutrients are typically associated with human and animal sewage and with the application of nitrogen and phosphorus fertilizers. The human population density in this area is low and is not likely to affect the naturally occurring concentration of these nutrient constituents. Nutrient concentrations analyzed for this study were ammonia, nitrate plus nitrite, orthophosphate, nitrogen (filtered), nitrogen (unfiltered), phosphorus (filtered), and phosphorus (unfiltered).
Concentrations of ammonia were rarely measured above the reporting level. Only 28 of 239 samples had concentrations that were not censored. These concentrations ranged from near the reporting level of 0.01 to 0.03 mg/L as nitrogen ( fig. 5 ). Ammonia also was detected in nearly 25 percent of the blank samples collected; however, ammonia was detected in only 11 percent of the environmental samples collected. The uncertainty associated with this result and the generally low concentrations that were detected, indicate little to no influence from ammonia in the watershed. Nitrate plus nitrite concentrations were consistent across the watershed with a median concentration of 0.1 mg/L ( fig. 5 ). In general, the spring stations had slightly higher concentrations with a median concentration of 0.33 mg/L compared to 0.05 mg/L for the stream stations. Concentrations of orthophosphate were also low throughout the watersheds with concentrations ranging from the censored value of 0.004 mg/L to a maximum of 0.15 mg/L ( fig. 5) . Results from samples collected at one spring station (USGS station 464543087523001) indicated a range in orthophosphate concentrations from 0.019 to 0.15 mg/L but no apparent trend in the concentration throughout the study period. The sum of all nitrogen species or total nitrogen concentration was analyzed both in filtered and unfiltered samples. The unfiltered values were slightly higher than the filtered values as expected because the unfiltered values incorporated nitrogen associated with particles greater than 0.45 micron in size, which is the capsule filter limit. Concentrations for both the filtered and unfiltered total nitrogen analyses were generally low and ranged from less than 0.05 to 2.72 mg/L for filtered samples and from 0.05 to 3.97 mg/L ( fig. 5) 
Copper and Nickel
Copper and nickel are the principal target metals from the Eagle Mine (Eagle Mine, 2017) . Delineating the background concentrations of copper and nickel in the environment is critical for monitoring any potential changes to these constituents as a result of changes in the watershed. Copper concentrations in the streams and springs ranged from below the minimum reporting level of 0.2 µg/L (80 percent of all samples) to a maximum of 3.2 µg/L ( fig. 6 ). No trends were apparent in copper concentrations at any of the stations analyzed. The FCV and AMV for copper, as well as many other metal constituents, are based on water hardness, so the criteria vary with water hardness. The FCV threshold for copper was exceeded once for USGS station 04043237 and four times for USGS station 464543087523001. The AMV was exceeded once for the spring at USGS station 464543087523001. Special sitespecific criteria have been created for copper in several places in Michigan's Upper Peninsula given the ubiquity of copper in the region (Michigan Department of Environmental Quality, 2018) . Researchers have determined that basing aquatic health criteria on water hardness alone may be overprotective, and other measures that account for reduced toxicity because of metal complexing to suspended material and organic ligands may need to be incorporated in the development of criteria (Great Lakes Environmental Center, 2006) .
Nickel concentrations ranged from less than 0.09 to 1.4 µg/L ( fig. 6 ). Approximately 48 percent of the samples collected were censored below the reporting level. No trends were apparent in nickel concentrations at any of the stations. None of the samples analyzed for nickel exceeded the FCV or AMV aquatic health criteria. 
Mercury
Mercury contamination has been detected in game fish within Marquette County (Weaver and others, 2010) . Potential sources of mercury in the watershed include bedrock sources (including Michigamme Slate) but the most likely source is atmospheric deposition (Weaver and others, 2010) . Mercury samples collected for this study were filtered. Speciation of mercury was not investigated as part of this analysis. Mercury concentrations were low; approximately 96 percent of the total samples were censored. None of the nine samples that had a value reported above the reporting level of 0.005 µg/L neared the FCV (0.77 µg/L) or AMV (1.4 µg/L) aquatic health criteria. The maximum mercury concentration was 0.059 µg/L ( fig. 6 ), detected in a sample collected from USGS station 464543087523001 in August 2013. No trends were apparent in mercury concentrations during the sampling period.
Results of Select Constituents
Of the remaining constituents that had an associated FCV and AMV, only silver exceeded the aquatic health criteria and only in two instances. In one instance, the sample collected at USGS station 464541087523301 on May 7, 2015, exceeded both the AMV and FCV with a value of 0.66 µg/L. In the other instance, the sample collected at USGS station 464539087532301 on September 22, 2015, exceeded the FCV with a value of 0.063 µg/L. In general, silver concentrations were quite low throughout the watersheds, with 97 percent of the results below the reporting level. The reporting level was raised to 1.0 µg/L for the last two samples collected ( fig. 6 ). This reporting level is above the FCV and AMV for silver.
Chloride is a constituent often associated with anthropogenic activity because chloride is detected in waste effluent and is used for deicing of roads during winter. Chloride concentrations measured in samples from the springs and streams of the watersheds are low with a range of concentrations from 0.03 to 0.65 mg/L ( fig. 7 ). For perspective, this concentration is in the same range as the chloride concentration detected in precipitation in this region (Berner and Berner, 1996) . 
Bed-Sediment Analysis
Bed-sediment samples were collected at all seven stream stations in conjunction with water-quality sampling in September 2013 and again in October 2016, and samples were analyzed for a suite of organic chemicals as well as metals. To put the constituent concentration results of these analyses in context, the bed-sediment samples were compared to sediment-quality guidelines. Sediment-quality guidelines often are built around concerns about specific groups of contaminants such as organochlorine insecticides, industrial organochlorine compounds such as polychlorinated biphenyls, and polycyclic aromatic hydrocarbons. Chemical analyses for this study focused on determining concentrations for a full suite of metals. Unfortunately, sediment-quality guidelines have been developed for only a small group of metals collected from freshwater streams and lakes.
Results of the metals analysis for the study area are presented in the NWIS database (https://goo.gl/KwKkD8). The distribution of concentrations of arsenic, chromium, copper, lead, mercury, nickel, and zinc detected in bed-sediment samples is illustrated in figure 8 . All constituents shown in figure 8 were above the reporting level except for two zinc samples and six mercury samples. The threshold effect concentration (TEC) and probable effect concentration (PEC) thresholds are presented in figure 8 for reference purposes and illustrate that none of the thresholds were exceeded by any of the analytes.
MacDonald and others (2000) developed the following two criteria for bed sediment in freshwater environments: the TEC, which represents the concentration above which adverse effects on biota are expected, and the PEC, which defines the concentration above which adverse effects on biota are expected to occur frequently. These criteria were developed figure 8 and prevented illustrating the distribution of zinc concentrations detected in bed sediment. As a result, those sample concentrations were not used in developing the distribution shown in figure 8 . In addition to the constituents discussed previously, aluminum, cobalt, iron, manganese, molybdenum, and selenium were also analyzed in the bed sediments that were sampled. These constituents do not have an associated sediment-quality guideline. Distributions of these constituents in the bed sediments of the seven streams that were sampled are shown in figure 9 . In general, the median constituent concentrations in bed sediment collected in 2013 were greater than those collected in 2016. The only exceptions were for copper, which median concentrations stayed the same (3.2 mg/kg), and for manganese, which had slightly increased median concentrations from 2013 to 2016 (61 to 75 mg/kg). Lastly, not enough Metals concentration in bed sediment, in milligrams per kilogram Figure 9 . Distribution of select metal concentrations in bed-sediment samples.
uncensored molybdenum values were available in 2013 to make a valid comparison of median concentrations between the 2013 and 2016 data.
Summary
In 2013, the USGS, in cooperation with Keweenaw Bay Indian Community, developed a water-quality monitoring program for the Yellow Dog and Salmon Trout watersheds in Marquette County, Michigan. The objectives of the program were to examine the hydrology and to characterize the water quality prior to the development of mineral resources in the Yellow Dog and Salmon Trout watersheds.
Continuous-record streamgaging was used in conjunction with miscellaneous streamflow measurements to investigate the hydrology of the watersheds. Three continuous-record streamgages (USGS stations 04043238, 04043244, and 04043275) were used to identify runoff and baseflow components of streamflow and the relative magnitudes of those components. Specifically, the USGS Groundwater Toolbox was used to estimate the baseflow and runoff components on an annual basis. In general, the streamflow at all three stations was dominated by groundwater discharge with about 70 to 80 percent of the annual streamflow identified as groundwaterderived baseflow. In addition, watershed-scale estimates of precipitation and evapotranspiration on a monthly time-scale were examined to identify the dynamics of components of the water budget. Evapotranspiration is greatest during the summer when it is also greater than precipitation in the watersheds. During the summer, water is likely removed from storage to offset the water deficit. During the fall, winter, and spring, however, precipitation is greater than evapotranspiration and so, water either exits as runoff or goes into storage during that time.
During the period from May 2013 to October 2016, a total of 239 water-quality samples were collected at 15 sampling stations (8 springs, 7 streams) within the Yellow Dog and Salmon Trout watersheds. All samples were analyzed for nutrient, trace-metal, and major-ion species with additional suspended-sediment samples collected at stream stations. Quality-assurance samples collected in conjunction with the sampling program indicated increased uncertainty in the low concentrations associated with ammonia sampled during this study. When applicable, water-quality results were compared to aquatic health guidelines used by the Michigan Department of Environmental Quality. Of the constituents sampled, only copper and silver exceeded aquatic health guidelines. Copper exceeded the final chronic value five times and the aquatic maximum value once, whereas silver exceeded the final chronic value twice and the aquatic maximum value once. Results indicate that chloride concentrations may be increasing at some stations, but concentration values are still quite low.
Bed-sediment chemistry was evaluated twice for each stream sampling station. Samples were collected in the first and last year of the study period and analyzed for trace metals. Where applicable, sediment chemistry results were compared to consensus-based sediment-quality guidelines. None of the metal constituents analyzed exceeded the threshold effect concentration and probable effect concentration thresholds, indicating a healthy aquatic environment in relation to bedsediment quality.
The sediment and water-quality data collected during this study period provide a basis from which to assess perturbations of the environment related to future land use changes and development. The Yellow Dog and Salmon Trout watersheds are critical habitat for sensitive fish species such as the coaster brook trout. Therefore, protecting these watersheds is important in maintaining a diverse and healthy aquatic ecosystem. Future sediment and water-quality data collection in these watersheds can use the techniques from this study to enable equivalent comparisons with the data collected from this study.
